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Abstract 
There is a scarcity of data and theory currently available regarding the heat transfer coefficients associated with two-phase, multi-
component mixtures at cryogenic temperatures.  This paper presents results of research aimed at measuring the convection heat 
transfer coefficients for hydrocarbon mixtures (methane, ethane, propane, and nitrogen (for dilution)) during evaporation while
flowing within a heated horizontal pipe over a wide range of temperatures (from 100 K to room temperature).  The results show 
the heat transfer coefficients along with their sensitivity to parameters such as heat flux, mass flux, pressure, and composition.
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
A typical Joule–Thomson refrigeration cycle (JT) using a pure substance as the working fluid shows a relatively 
low thermal efficiency. However, the JT cycle has the advantages of low cost, high reliability, and is a low cost 
option for small loads in industrial and medical applications. Many researchers including Little (1998) and Boiarski 
et al. (2002) have demonstrated that the JT cycle efficiency greatly increases (e.g., by an order of magnitude) when 
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using a gas mixture as the working fluid in the cooling temperature range from 80 to 230 K. According to 
Radebaugh (2009), the Joule–Thomson cycle has recently become recognized as attractive and competitive with 
other refrigeration systems for low or cryogenic temperature applications. The JT cycle is currently used in many 
specialty cryogenic applications, such as cryosurgical probes, cooling infrared sensors, cryopreservation, 
liquefaction, biomedical samples, and current leads.   
The thermal performance of JT systems strongly depends on the proper optimization of the gas mixtures. Several 
authors as Little (1997), Keppler et al. (2004) and Skye et al. (2009) have proposed systematic techniques to 
optimize the composition of gas mixtures as a function of the operating conditions. Many of the current optimization 
techniques used for these systems are largely focused only on the thermodynamic performance of the mixture and 
ignore the details of the heat transfer process. However, the performance of the heat exchanger, which are critical for 
plants with fixed heat exchangers. The thermodynamic properties of the mixtures are currently well understood, but 
the thermal behavior of gas mixtures within the heat exchanger is not well known. Because heat transfer coefficients 
and pressure drop data for the multi-phase multi-component fluid are largely unavailable, optimization techniques do 
not consistently yield the best overall cycle performance. When the system is charged with a mixture, it is often the 
case that the final, optimal composition is only obtained using additional expensive experimental iterations. The 
objective of this research is to develop an understanding of the mechanisms that drive the two-phase, multi-
component heat transfer. 
Nomenclature 
A surface area of test section (m2)
G mass flux (kg/s-m2)
h enthalpy (J/kg) 
htc  heat transfer coefficient (W/m2-K) 
m mass flow rate (kg/s) 
P pressure (Pa) 
q” heat flux (W/m2) 
Q heat (W) 
Re Reynolds number 
T temperature (K) 
x thermodynamic quality 
¨P pressure drop (Pa) 
¨T temperature difference (K) 
Subscripts 
avg average 
LMTD log mean temperature difference 
2. Experimental facility 
The experimental facility used to measure forced convection heat transfer coefficients for gas mixtures over a 
range of flow regimes and compositions is shown in Fig. 1. The gas mixture is compressed and cooled to room 
temperature by an after-cooler. Two throttle valves, a pressure regulator, and a bypass loop are used to control the 
pressure and mass flow rate through the test section. The fluid is cooled from room temperature to the required test 
temperature (which varies from 150 K to room temperature) in two stages. First, the gas mixture is precooled using 
a recuperative heat exchanger. Finally, the fluid achieves the desired temperature in the cryocooler heat exchanger, 
where the cryocooler itself removes the necessary heat to cool the fluid to its terminal temperature before entering 
the test section. The test section is located inside a Dewar held under a high vacuum to minimize convection losses.  
In addition, the test section itself is shielded (using a multi-layer radiation shield) to reduce radiative heat gains. A 
radiation shield thermally connected to the cryocooler cold head reduces the driving potential to radiation heat 
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transfer. Also, the test section is fabricated using low conductivity thin wall tubes to minimize axial heat gains to the 
fluid. The mixture composition is continuously monitored using a gas chromatograph, which can be sampled from 
either the high pressure or the low pressure sides of the system. The mass flow rate is measured using a Coriolis 
flow meter. 
Fig. 1. Schematic of the test facility. 
A schematic of the test section used to measure the heat transfer coefficients is shown in Fig. 2. Four distinct 
instrumentation locations are identified in the test apparatus. Location “A” corresponds to the test section approach, 
“B” to the actual inlet to the test section, “C” to the actual outlet of the test section, and “D” to the test section 
departure.   
Fig. 2. Schematic of the test section. 
The refrigerant mixture flows through the tubular test section which is surrounded by a solid copper “block” that 
provides thermal mass in order to maintain a nearly constant wall temperature. The inlet (TA), outlet (TD), and block 
(Tblock) temperatures are measured using two PRT sensors in each location (fluid temperatures are measured using 
penetration sensors). Electrical energy is applied to the test section using a high resistivity (nichrome) wire that 
envelops the copper block. The rate of resistive heat applied is calculated by the precise measurement of the current 
and voltage applied. The Coriolis flow meter used to measure the mass flow rate is located outside of the Dewar.  
Also, the absolute pressure is measured at location B and the differential pressure between the segments of the test 
apparatus are measured (i.e. between A and B, B and C, and C and D).  The dimensions of the test section are 
summarized in Table 1. 
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Table 1. Dimensions of the test section. 
Parameter Value  unit  Parameter Value  unit 
Stainless steel pipe (304)     Copper block 
Inner diameter 1.53 mm  Length 52.50 mm 
Outer diameter 1.82 mm  Outer diameter 19.05 mm 
Wall thickness 0.15 mm  PRTs location 9.03 mm 
3. Data reduction 
The heat transfer coefficient (htc) is determined by assuming an isothermal wall pipe and constant property flow as 
given by 
LMTDTA
fluidQhtc
'
 
.
.  (1) 
The surface area (A) is the area where the heat is transferred from the pipe wall to the fluid assuming poor axial 
conduction on the stainless steel pipe extending beyond the block. The heat transferred to the fluid (Qfluid) is 
determined by an energy balance on the test section as given by  
conductionleakQradiationleakQappliedQfluidQ ,
.
,
...
  (2) 
The resistive heat applied (Qapplied) to the copper block is measured electrically, and it is expected that most of this 
heat is transferred to the fluid. However, some fraction of the heat applied will be lost due to radiation and 
conduction even though the test section itself is well insulated. The conduction heat leak is produced between the 
test section (hottest point) and the coldest point of the system (cryocooler) through the thin wall stainless steel tube, 
sensors wires, and heater wires.  
The sensor and heater wires are thermally connected to the cryocooler to minimize conduction losses. The 
radiation heat gain occurs between the test section and the isothermal shield, which surrounds the test section and is 
connected to the cryocooler. There are three MLI layers installed between the test section and the isothermal shield 
in order to reduce the radiative gain. ¨TLMTD is the logarithmic temperature difference, which is expressed as 
   
    CTwallTBTwallT
CTwallTBTwallT
LMTDT 

 '
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.   (3) 
If an isothermal copper block and an isothermal tube wall are assumed then the wall temperature (Twall) may be 
calculated using a thermal resistance network between the location of PRTs sensors in the copper block and the wall 
pipe. The temperature sensors located at locations A and D are large and disrupt the flow substantially; therefore, 
they cannot be located directly at the inlet and exit to the test section (i.e., at locations B and C, respectively). The 
distance between A and B is much greater than 10 inner diameters.  
In some test conditions, the measured inlet temperature (A) may be different to the actual inlet temperature (B). 
A similar situation is observed in the outlet between C and D. These temperature variations are explained due to a 
pressure drop under adiabatic condition which is a phenomenon known as the Joule-Thomson effect (T/P)h. It is 
possible to calculate (T/P)h and therefore estimate the temperature at the actual inlet (TB) and outlet (TC) of the test 
section. The local thermodynamic properties for the gas mixtures such as quality and Joule Thomson effect are 
calculated using REFPROP by Lemmon et al. (2014). 
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4. Validation 
Validation of the test facility is performed by measuring the heat transfer coefficient of single-phase pure nitrogen 
and comparing with the corresponding heat transfer coefficient predicted by well-known single-phase correlations as 
Dittus and Boelter (1930) and Gnielinski (1976).  The results are shown in Fig. 3. 
Fig. 3. Measured and predicted htc single-phase pure nitrogen as a function of Reynolds. 
It is clear that there is a good agreement between the measured data for nitrogen and the values predicted by well-
known single-phase correlations.   
5. Results and discussion  
An optimized hydrocarbon mixture and its dilutions are tested. Table 2 shows the composition, pressure, mass 
flux, and heat flux for each run. 
Table 2. Mixture, composition, pressure, mass flux, and heat flux for each run. 
Run Mixture Composition (volume/volume)  P (kPa)  G (kg/s-m2)  q” (kW/m2)  T (K) at x=0  T (K) at x=1 
1 CH4/C2H6/C3H8 0.45/0.35/0.20 270 150 56.7 132.0 217.2 
2 CH4/C2H6/C3H8 0.45/0.35/0.20 270 150 85.2 132.0 217.2 
3 CH4/C2H6/C3H8 0.45/0.35/0.20 270 250 56.7 133.3 221.4 
4 CH4/C2H6/C3H8 0.45/0.35/0.20 780 150 56.7 157.8 246.6 
5 CH4/C2H6/C3H8/N2 0.34/0.30/0.19/0.17 780 150 56.7 102.2 241.1 
6 CH4/C2H6/C3H8/N2 0.25/0.22/0.15/0.38 780 150 56.7 102.7 235.8 
Fig. 4. shows the heat transfer coefficients measured for the six conditions detailed in Table 2. In Fig. 4(a), the effect 
of changing the heat flux is investigated. Heat flux variations did not have a significant effect on the heat transfer 
coefficient which could mean that the boiling process occurring is being driven by convective boiling rather than 
nucleate boiling. The suppression of nucleate boiling could be related to the small diameter of the test section.  The 
influence of the mass flux is presented in Fig. 4(b). It is observed that the ratio between the htc for a mass flux of 
250 and 150 kg/s-m2 is 1.5, which is similar to the ratio between Dittus-Boelter evaluated at those two mass fluxes:   
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This also suggests that convective boiling is the predominant boiling mechanism at these measured conditions.  
Fig. 4(c) illustrates the effect to change the pressure on the htc. As the pressure is reduced the htc is higher; however, 
the temperature glide, which is the temperature difference between the dew and bubble point, is covering a colder 
region. Fig. 4(d) illustrates the effect of changing the composition by diluting the mixture with nitrogen. The 
temperature glide increases when nitrogen is added to the mixture. When the dilution is small (20%), the heat 
transfer coefficient is reduced keeping the same trend. As the dilution increases (40%), htc increases at the low 
quality region (below 40%) coinciding where most of the nitrogen is evaporated. At the high quality region (over 
40%), htc for 40% dilution shows the smaller value. 
Fig. 4. Heat transfer coefficient as function of average quality (a) heat flux effect; (b) mass flux effect; (c) pressure effect; (d) dilution effect. 
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